Rationale High doses of cocaine can elicit seizures in humans and in laboratory animals. Several mechanisms have been proposed for the induction of seizures by cocaine, including enhanced monoaminergic signaling, blockade of ion channels, and alterations in GABA and glutamate transmission. Mutations in the SCN1A gene, which encodes the central nervous system (CNS) voltage-gated sodium channel (VGSC) Na v 1.1, are responsible for several human epilepsy disorders including Dravet syndrome and genetic (generalized) epilepsy with febrile seizures plus (GEFS+). Mice heterozygous for the R1648H GEFS+ mutation (RH mice) exhibit reduced interneuron excitability, spontaneous seizures, and lower thresholds to flurothyl-and hyperthermia-induced seizures. However, it is unknown whether impaired CNS VGSC function or a genetic predisposition to epilepsy increases susceptibility to cocaine-induced seizures. Objectives Our primary goal was to determine whether Scn1a dysfunction caused by the RH mutation alters sensitivity to cocaine-induced behavioral and electrographic (EEG) seizures. We also tested novelty-and cocaine-induced locomotor activity and assessed the expression of Na v 1.1 in midbrain dopaminergic neurons. Results We found that RH mice had a profound increase in cocaine-induced behavioral seizure susceptibility compared to wild-type (WT) controls, which was confirmed with cortical EEG recordings. By contrast, although the RH mice were hyperactive in novel environments, cocaine-induced locomotor activity was comparable between the mutants and WT littermates. Finally, immunofluorescence experiments revealed a lack of Na v 1.1 immunoreactivity in dopaminergic neurons. Conclusion These data indicate that a disease-causing CNS VGSC mutation confers susceptibility to the proconvulsant, but not motoric, effects of cocaine.
Introduction
Cocaine is a widely abused drug and a known convulsant; up to 10 % of patients seeking emergency treatment for cocaine intoxication present with seizures which can be lifethreatening (Dhuna et al. 1991) . In addition, individuals with a history of seizures have lower cocaine-induced convulsion threshold (Dhuna et al. 1991; Koppel et al. 1996; Kramer et al. 1990; Pascual-Leone et al. 1990 ). However, it is unknown whether a genetic predisposition to epilepsy confers an altered response to cocaine.
To date, more than 700 epilepsy-related mutations have been identified in the neuronal voltage-gated sodium channel (VGSC) gene SCN1A leading to a number of different types of epilepsy (reviewed in Catterall et al. 2010, Escayg and Goldin 2010, http://www.molgen.vib-ua. be/ SCN1AMutations/Statistics/Mutations.cfm). SCN1A encodes the alpha subunit of Na v 1.1 channels which are broadly expressed in GABAergic interneurons in the central nervous system (CNS) (Martin et al. 2010; Ogiwara et al. 2007 ). The R1648H mutation in the voltage-sensing region of Na v 1.1 was originally identified in a family diagnosed with genetic (generalized) epilepsy with febrile seizures plus (GEFS+), a disorder associated with febrile seizures and a variety of adult epilepsy subtypes (Escayg et al. 2000) . Mice that express the SCN1A R1648H mutation were generated by introduction of the human mutation into the orthologous mouse Scn1a gene (Martin et al. 2010) . We have shown that heterozygous mutants (RH mice) display spontaneous seizures and reduced threshold to both hyperthermia-and flurothyl-induced seizures. In addition, electrophysiological analysis showed that the RH mice have reduced GABAergic inhibition, a mechanism underlying many forms of epilepsy (Martin et al. 2010) .
Rodent studies have indicated that cocaine-related fatality is due to central effects of the drug and typically is preceded by convulsions and status epilepticus (Tella et al. 1992 ). In the CNS, the reinforcing effects of cocaine are mediated by its blockade of plasma membrane monoamine transporters, particularly the dopamine (DA) transporter (Ritz et al. 1987; Volkow et al. 1997) . However, the mechanisms underlying the convulsant effects of cocaine have not been fully identified. Some hypotheses have included enhanced monoaminergic signaling, blockade of ion channels, and alterations in GABA and glutamate transmission (Lason 2001) . Cocaine interferes with sodium, calcium, and potassium channels in the heart, which probably contribute to cocaine-associated cardiac arrhythmias (O'Leary and Hancox 2010) and its ability to impair sodium channel function is likely the basis for its local anesthetic effects (Eidelberg et al. 1963; Matthews and Collins 1983; Stripling et al. 1989) . Other local anesthetics such as lidocaine have been used in pharmacological kindling paradigms (Post et al. 1975; Stripling et al. 1989 ) and can acutely produce convulsions after high intravenous doses (Wagman et al. 1967) .
In this study, our primary aim was to determine whether mice carrying a human epilepsy mutation in a centrally expressed VGSC would have altered cocaine-induced seizure susceptibility. Cocaine also potently increases locomotor activity in mice (George 1991; Wise and Bozarth 1987) , and we used this measure to determine if the effects of the RH mutation were specific to the convulsant effects of cocaine. Finally, to determine whether the response of the mutants to cocaine was likely to be mediated by a direct effect of altered Na v 1.1 channel function in DA neurons, we assessed whether Na v 1.1 was expressed in DA neurons using immunofluorescence microscopy.
Materials and methods

Animals
Mice were housed in groups of three to five with littermates in standard plastic cages with ad libitum access to food and water, except during acute locomotor activity testing. Animals were maintained on a 12/12-h light/dark cycle with lights on at 7 am and off at 7 pm. The R1648H mutation was introduced into the mouse genome by homologous recombination and mice were genotyped by PCR as previously described (Martin et al. 2010) . Adult male wild-type (WT) and heterozygous RH mutant mice between 3 and 5 months were used, and the Emory University Institutional Animal Care and Use Committee approved all procedures.
Cocaine-induced seizures A total of 28 mice (14 WT, 14 RH) were transported to a testing room (maintained on the same light/dark cycle as the housing room) at least 2 h prior to each experiment. Experimentally naïve WT and heterozygous RH mutants were injected intraperitoneally (i.p.) with cocaine (60 or 80 mg/kg) and behavior was videotaped and monitored for 30 min. Each mouse (60 mg/kg dose only) was assigned a seizure score at each minute during the 30-min period. Seizure scores were based on a modified Racine scale (0-normal behavior; 1-noticeably altered activity; 2-hindlimb weakness, impaired ambulation; 3-erect tail (Straub tail); 4-tail clonus with myoclonic jerk; 5-wild jumping or convulsions with loss of righting reflex (LORR)). Latency to stage 5 was also measured in the subset of mice that progressed to this state. Additionally, we noted seizure duration and defined those animals still convulsing without regaining righting reflex 15 min after stage 5 onset as having progressed to status epilepticus (Alldredge et al. 1995) . The 80-mg/kg dose was used primarily for the electroencephalography (EEG) experiments (see below).
Electroencephalography surgery, acquisition, and data analysis Under isoflurane anesthesia, five RH mutants and three WT littermates (males, 4 months old) were surgically implanted (subdural) with four sterile stainless steel EEG electrodes as well as fine wire electrodes (Vintage Machine Supplies, Medina, OH) into neck muscles for electromyography (EMG) acquisition as previously described (Dutton et al. 2012; Martin et al. 2010; Papale et al. 2009 Papale et al. , 2010 . The animals were connected to the EEG cable for a minimum of 12 h for habituation prior to EEG/EMG recordings. Real-time video recordings and EEG/EMG signals were amplified, filtered (0.3-35 Hz bandpass for the EEG and 10-70 Hz bandpass for the EMG), and digitized at a sampling rate of 200 Hz using Stellate Harmony amplifier and software (Natus Medical, Inc., USA). EEG/EMG recordings were manually scored with a calibration mark of 30 μV/mm of amplitude in 1 s. The EEG data were scored with the muscle electrode serving as a reference to the other four cortical electrodes for EEG acquisition (e.g., EEG 1 -EMG 1 , Fig. 2 ) and serving as a reference to the second muscle electrode for EMG acquisition (EMG 1 -EMG 2 , Fig. 2 ). Prior to testing, animals were briefly disconnected from the EEG cable, weighed, injected with cocaine (80 mg/kg, i.p.), and then immediately reconnected to the EEG cable. Real-time video recordings enabled the simultaneous visualization of the animal's behavior during EEG/EMG recordings. Epileptiform activity was characterized by highly synchronous spikes that were often at least two times higher than the background and detected in all channels. One RH mouse died during EEG recording after exhibiting stage 5 seizure behaviors.
Locomotor activity testing
Mice (38 WT, 40 RH) were transported to the activity testing room at least 2 days prior to test day to allow for habituation. Ambulations (consecutive beam breaks) were measured in unfamiliar transparent plexiglass cages (40× 20 × 20 cm) placed into a rack with seven infrared photobeams spaced 5 cm apart, with each beam 5 cm from the cage wall (San Diego Instruments Inc., La Jolla, CA). Mice were placed in the activity chambers for 2 h and ambulations were recorded to assess locomotor response to a novel environment. The mice were then injected with either saline or cocaine (5, 10, or 20 mg/kg, i.p.; NIDA Drug Supply Program), and ambulations were recorded for two additional hours in order to determine the response to cocaine. Each mouse was only tested once with a single dose of either cocaine or vehicle.
To determine circadian activity patterns, ambulations were continuously recorded from a separate group of mice (8 WT, 8 RH) during a 48-h period. No drugs were introduced, and efforts were made to not disturb the animals during testing. Food and water were available ad libitum during this test.
Immunohistochemistry
Three C57BL/6J male mice (3 months old) were deeply anesthetized with isoflurane and then transcardially perfused with ice cold 0.4 % PBS followed by 4 % paraformaldehyde (PFA). Brains were postfixed in 4 % PFA for 2 h and then transferred to 30 % sucrose for 3 days. Forty-fivemicrometer coronal sections were cut using a sliding microtome (HM450, Thermo Scientific, Asheville, NC). Sections 300 μm apart were separated for immunohistochemistry. They were washed in Tris-buffered saline with 1 % Triton X and then blocked with 2 % avidin and 2 % biotin. The sections were then incubated in the primary antibodies, monoclonal mouse anti-tyrosine hydroxylase (1:500, Millipore), and polyclonal rabbit anti-Scn1a (1:50, Millipore), followed by the secondary antibodies, biotinylated anti-rabbit IgG (1:300, Vector), and Alexa Fluor 555 goat anti-mouse (1:500, Invitrogen). Finally the sections were incubated in fluorescein Avidin D (1:300, Vector), mounted, and visualized by fluorescence microscopy. Images were captured at ×10, ×40, and ×100 magnifications using a Leica DM6000 B upright fluorescence microscope and Simple PCI software or using a Zeiss LSM 510 NLO META system with a confocal Zeiss Axiovert 100M inverted microscope.
Statistics
Data were analyzed using Prism (GraphPad, La Jolla, CA). Two-sided Fisher's exact test was used to compare genotypes in Fig. 1b . Two-way repeated measures AVOVAs were used to analyze seizure score (Fig. 1a) and locomotor activity data ( Fig. 3a and c) . In addition, Bonferroni post hoc analyses were performed on individual time points of seizure score and locomotor activity data (Fig. 3a, c) .
Results
RH mice exhibit increased susceptibility to cocaine-induced seizures
In mice, injection of high doses of cocaine (60-80 mg/kg) rapidly elicits hindlimb motor deficits and tail clonus (Golden et al. 2001) . Some mice then progress to generalized tonic-clonic seizures characterized by excessive jumping, repetitive jerking of all four limbs, head nodding, and clonus of the forelimbs and tail followed by LORR. Following the administration of cocaine (60 mg/kg), we determined the seizure score for each mouse at 1-min intervals during the 30-min observation period, the latency to stage 5 seizures (wild jumping and clonic seizures with LORR) in the mice that progressed to this stage, and the number of mice that displayed status epilepticus, defined as continuous stage 5 seizure for >15 min (Alldredge et al. 1995) . Over the course of the session, RH mice had higher mean seizure scores (Fig. 1a) . Two-way repeated measures ANOVA revealed a main effect of genotype (F 1, 580 =18.35, p<0.001), time (F 29, 580 =17.87, p<0.0001) and a time × genotype interaction (F 29, 580 =2.65, p<0.0001). RH mice also had a higher maximum seizure score; while nearly all (10/11) RH mice progressed to stage 5 seizure, just 3/11 WT mice did (Fisher's exact test, p<0.01; Fig. 1b ; see Supplemental Video). Finally, four RH mice experienced status epilepticus compared to zero WT animals, but this difference did not reach significance (WT=0/11, RH=4/11; Fisher's exact test, p=0.11). For those mice that progressed to stage 5, there was no difference in latency (WT=245.0±89.8 s, RH=223.9± 20.6 s, p>0.05). At a higher dose of cocaine (80 mg/kg, i.p.), we observed similar but less robust genotype-specific differences in seizure behavior, as more WT mice progressed to full seizure than at the lower dose (data not shown). We attributed this to a ceiling effect.
EEG/EMG analysis was performed in a separate cohort of drug-naïve mice (Fig. 2) . Normal baseline EEG/EMG recordings were obtained from all mice for at least 12 h (Fig. 2a) . We used the higher dose of cocaine (80 mg/kg, i.p.) to improve the probability of eliciting seizures in WT as well as RH mice, and indeed, all mice progressed to stage 5 behavioral seizures. In the WT mice, we observed abnormal, highly synchronous EEG patterns (Fig. 2b) , but no spike discharges during the EEG recordings. By contrast, four of the five RH mice we tested showed qualitatively distinct, highly synchronous EEG spike discharges that were temporally associated with a progression from behavioral arrest to stage 5 seizure (Fig. 2c) . The altered EEG structure persisted for ∼30 min followed by a return to baseline EEG activity. The fifth RH mouse showed high-amplitude spike discharges that increased in frequency and were associated with body tonus and tail erection (Straub tail). The seizure progressed to stage 5 (wild jumping and LORR) and was associated with decreased EEG amplitude and high muscle activity followed by 16 s of sharp, high-amplitude single spikes (an average of one spike per second), which then decreased in amplitude over a period of ∼60 s (Fig. 2d) .
RH mice are hyperactive in a novel environment but have normal locomotor responses to cocaine To determine whether altered Na v 1.1 function confers hypersensitivity to additional cocaine-induced behaviors, particularly those mediated by enhanced mesolimbic DA signaling, we measured cocaine-induced locomotor activity. As expected, cocaine increased horizontal locomotor activity in a dose-dependent manner in both groups of mice, but there was no effect of the RH mutation (two-way ANOVA revealed a main effect only of dose: F 3, 70 =14.40, p< Fig. 2 Electrographic seizure activity elicited by cocaine. Representative EEG recordings from a 4-month-old WT mouse and RH mutants are shown. a Baseline EEG pattern from an RH mouse. b Traces from a WT mouse after cocaine (80 mg/kg) injection showing low-amplitude synchronous activity during a behavioral seizure. c Highly synchronous spike discharges observed during a behavioral seizure in an RH mouse following cocaine administration. d Traces during cocaineinduced seizure in an RH mouse; seizure activity characterized by high-amplitude spike discharges. EEG 1 and EEG 2 , EEG recordings from the right cortical hemisphere; EEG 3 and EEG 4 , EEG recordings from the left cortical hemisphere; EMG, electromyographic recording. EEG/EMG montage, four cortical electrodes referenced to the muscle electrode. EMG/EMG montage, both muscle electrodes referenced to each other. Calibration mark, 100 μV/mm and 1 s 0.0001, Fig. 3a) . However, upon closer inspection of the data, we noticed that RH mice were more active during the first 2 h of recording, prior to cocaine administration (Fig. 3b) . Two-way repeated measures ANOVA revealed a main effect of time (F 23, 1,748 =63.31, p<0.0001), genotype (F 1, 1,748 =12.42, p<0.001), and a time × genotype interaction (F 23, 1,748 =2.286, p<0.001) . Both RH and WT mice habituated to the novel environment, decreasing their activity over time at similar rates. To determine whether this hyperactivity was specific to acute exposure to a novel environment, we tested circadian activity in a separate group of naïve animals for 48 h. Again, we found a main effect of time (repeated measures ANOVA: F 47, 658 = 31.74, p < 0.0001), genotype (F 1, 658 =13.25, p<0.01), and a time × genotype interaction (F 47, 658 =2.465, p<0.0001). As we observed in the previous experiment, RH mice were more active when first exposed to the novel environment (hours 0-2, p < 0.05) but eventually habituated to it and then displayed activity levels that were indistinguishable from WT mice (hours 3-7, p>0.05). However, with the onset of the dark cycle, the RH mice again became more active than WT mice for several hours (hours 8-9, 11, p<0.05). For the rest of the testing session, including the second dark cycle, no differences in activity were apparent between genotypes. Na v 1.1 channels are not expressed on dopamine neurons Many of the behavioral outcomes associated with cocaine administration, including its locomotor activating and reinforcing effects, can be attributed to its inhibition of monoamine transporters and in particular the DA transporter (Ritz et al. 1987; Volkow et al. 1997) . To determine whether Scn1a is expressed in brain regions/cell types that would allow it to directly impact the DA system, we performed double label immunohistochemistry on brain sections at the level of the midbrain dopaminergic ventral tegmental area and substantia nigra nuclei, as well as the striatal projection area, using antibodies against Na v 1.1 and the DA biosynthetic enzyme tyrosine hydroxylase. We observed no colocalization (Fig. 4) in any of these regions, indicating that Na v 1.1 channels are not expressed at a detectable level on dopaminergic neurons.
Discussion
The purpose of the present study was to characterize cocaine-induced seizure thresholds in mice expressing the human SCN1A R1648H GEFS+ mutation. We found that the RH mutation enhanced cocaine-induced seizure susceptibility, a phenotype that did not extend to the motoric effects of cocaine, although we found that RH mice were more active when exposed to novel environments.
SCN1A and cocaine-induced seizure susceptibility RH Scn1a mutant mice have lower thresholds to febrile-and flurothyl-induced seizures (Martin et al. 2010 ), but it was not known whether this mutation also conferred increased risk for cocaine-induced seizures. We found that in response to cocaine administration, RH mice were far more likely to progress to stage 5 seizures (91 vs 27 %) than WT littermates. EEG analysis revealed that the behaviors we scored visually as seizures in WT and RH mice were associated with aberrant cortical epileptiform patterns that differed between genotypes. In WT mice, the abnormal EEG activity was characterized by highly synchronous discharges, while bursts of higher amplitude sharp spike waveforms were observed in four of five RH mutants. Thus, both behavioral seizures and abnormal EEG responses to cocaine were exacerbated in RH mutants. Interestingly, more robust behavioral and electrographic seizures were observed in one RH mutant (Fig. 2d) , illustrating the variability in EEG response. Golden et al. (2001) reported strain and sex differences in susceptibility to cocaine-induced seizures, with male C57BL/6J mice being the most resistant in that study. In addition, it was observed that the amplitudes of the EEG discharges during cocaine-induced seizures were larger when recorded from the hippocampus when compared to the cortex. In the present study, the combination of male RH mice on the C57BL/6J background and EEG analysis that utilized cortical EEG electrodes likely contributed to the relatively low amplitude of the detected EEG discharges during the behavioral seizures. Nevertheless, it was clear that the mice were experiencing bona fide seizures that could not be misinterpreted as cocaine-induced hyperactivity or other behaviors (see Supplemental Video). While cocaine binds with high affinity to many central and peripheral sites, most central effects of the drug can be traced to its interactions with the DA transporter (Ritz and George 1993; Ritz et al. 1987; Volkow et al. 1997) . However, cocaine also acts as a local anesthetic via interaction with sodium channels in the periphery (O'Leary and Chahine 2002) and in the brain (Postma and Catterall 1984; Reith et al. 1986 ). Indeed, cocaine-binding sites have been found on voltage-sensitive sodium channels of GABAergic interneurons in the dopaminergic ventral tegmental area (Steffensen et al. 2008) ; however, it is unknown whether cocaine directly binds to Na v 1.1 channels. If cocaine elicited seizures solely by blocking Na v 1.1 channels, one would predict that complete loss of channel function would produce resilience to cocaine-induced seizures. However, homozygous RH and null Scn1a mice exhibit frequent spontaneous seizures and premature lethality which precluded our ability to experimentally test this hypothesis. Nevertheless, the increased susceptibility to cocaine-induced seizures in RH mice, which have reduced channel function, is consistent with a direct interaction.
The epileptic phenotype of RH mice appears to be a result of decreased GABAergic interneuron excitability, leading to an overall hyperexcitability in limbic and cortical regions (Martin et al. 2010 ). Thus, we cannot rule out the possibility that the increased sensitivity of RH mice to cocaine-induced seizures was an indirect consequence of this general hyperexcitability. In the present study, we found that far more RH mice progressed to stage 5 seizure, but for the mice that did exhibit stage 5 seizure, there was no genotype difference in latency. This may suggest that the RH mice lack the mechanism to prevent the spread of this epileptiform activity and progression to more severe seizures.
SCN1A and cocaine-and novelty-induced locomotion
Cocaine produces locomotor activity by blocking the DA transporter and facilitating DA transmission in the striatum (Amalric and Koob 1993) . RH mice had normal locomotor responses to cocaine, suggesting that a global alteration in Scn1a function does not affect this DA-mediated behavior. One interpretation of this result is that the activity of midbrain DA neurons does not depend on Scn1a. Consistent with this idea, our immunohistochemistry results indicate that Na v 1.1 channels are not expressed on DA neurons. The predominant expression of these channels on interneurons in the forebrain suggests that the expression we observed in the ventral tegmental area, substantia nigra, and striatum is on inhibitory GABAergic neurons. In theory, reduced sodium channel conductance in these neurons should disinhibit the neighboring DA neurons. For example, opiates such as morphine promote locomotor activity by inhibiting GABAergic neurons in these brain regions, thereby increasing striatal DA transmission (Bonci et al. 2003) . Interestingly, while RH mice have normal cocaine-induced locomotor activity, they are hyperactive in novel environments (Han et al. 2012) , manifested in this study as increased locomotion when they are first introduced to the activity chamber and during the first dark cycle in a new environment. DA neuron firing is increased by novelty, and overactive DA transmission has been implicated in hyperactivity (Cabib et al. 2002; Gainetdinov et al. 1999; Harley 2004 ). Thus, it is possible that the novelty-induced locomotion in RH mice is due to reduced GABAergic interneuron excitability resulting in disinhibition of DA neurons, while the local blockade of the DA transporter by cocaine may increase DA autoreceptor activation and prevent a greater behavioral response to this drug. Experiments examining DA neuron firing and DA release in RH mice will be required to directly address these possibilities. It would also be informative to examine morphine-induced locomotor activity in RH mice.
Conclusion
A better understanding of the mechanisms leading to cocaine-induced seizures would likely benefit pharmaceutical development. Most putative anticonvulsant drugs aimed at reducing neuronal excitability by sodium channel blockade have been ineffective in protecting against cocaineinduced seizures (Gasior et al. 1999) . Indeed, it was noted that some of these drugs also increased risk of fatality, suggesting an additive effect with the sodium channel blocking activity of cocaine. Our data indicating that RH mice are more susceptible to cocaine-induced seizures are consistent with this notion and support the use of RH and other sodium channel mutant mice to further explore the neuroanatomical and molecular substrates underlying cocaine-induced seizures. It is also intriguing to speculate that less severe variants within the human SCN1A gene, which may not result in epilepsy, might still confer increased susceptibility to cocaine-induced seizures. Further analysis of SCN1A as a candidate gene for cocaine-induced seizure susceptibility in the human population is therefore warranted.
